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SMOKE EMISSION FROM JET ENGINES
Lawrence H. Linden and John B. Heywood
Mechanical Engineering Department
Massachusetts Institute of Technology, Cambridge, Massachusetts
ABSTRACT--The fundamental processes determining the amount of smoke’in
the exhaust of a gas turbine engine are examined. First, the configura-
tion of modern combustors and the state of knowledge of the processes
occurring within the combustor are reviewed. Data from laboratory
flame studies of carbon formation are then discussed and correlated
with engine and combustor exhaust studies., It is seen that solid car-
bon is the nonequilibrium product of fuel vapor-air combustion in locally
fuel rich zones, Calcvlations of carbon oxidation rates are then used
to show that significant fractions of the carbon formed in the rich
regions of the primary zone may be consumed in the leaner regions of
the primary zome and in the secondary zome. Finally, combustor design
features desirable for minimal exhaust smoke are summarized, and areas
where further research would be most beneficial are identified.
I. INTRODUCTION
As a highly visible form of air pollution, the smoky exhausts of
modern jet aircraft engines have become a matter of public concern.
There exists a large body of data relevant to this problem, ranging from
fundamental ch2mical kinetics and fluid mechanics studies to combustor
development tests. It is the purpose of this paper to review and corre-
late this work, summarizing the important results. The emphasis is on
defining the underlying physical processes which determine smoke emission

from jet engines and how these processes may be controlled to reduce smoke.
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The solid carbon outputs of several modern aircraft jet engines
are shown in Table 1. It can be seen that relatively small amounts of
carbon are involved. This small departure from complete combustion
results in a negligible loss of combustion efficiency. For example,
roughly 0,50 per cent fuel emitted as solid carbon, which is z very
smoky exhaust, results in a combustion inefficiency of 0.35 per cent
(Toone (1968)), Thus concern for combustion efficiency has never
caused engine designers to consider smoke a problem. There has been
gome concern in the military over the visibility of aircraft which
smoke, and also about carbon deposits left on aircraft carrier decks
(Fiorello (1968)). It is, however, the air pollution aspects of gas
turbine smoke that have made it important.

TABLE 1

Solid Carbon QOutputs of Aircraft Jet Engines
(Mass ratio of solid carbon to fuel, %)

Engine Model 3-572 Jr8p° TF-33°
Take-off 1.4 0.28 0.19
Approach 0.7 0.27 0.21
Idle 1.0 0.06 0.24

aGeorge and Burlin (1960)
bLozano et al., (1968)
Anon. (1968)
The extent to which gas turbine smoke is a harmful pollutant is not

presently well understood. Unlike that from diesel engines, gas turbine

smoke is stated to contain negligible carcinogenic components (Anon. (1965)).



The major cause for public concern, to date, has been the aesthetic one
of the smoke's distinct visibility. For example, in the exhaust stream
of a Pratt and Whitney JI8D engine of the original design, solid carbon
takes up roughly 20 billionths of the volume at take-off. This small
amount does, however, absorb and scatter a considerable fraction of any
light beam traversing it for a few feet or more, because the size of
the particles is roughly the same as the wavelength of visible light.

A mass output several orders of magnitude larger than that of the JTE&D
but with larger particles might look no worse (DeCorso et al. (1967)).

While on a national basis the emission of particulates by gas tur-
bine engines is small relative to that from other sources, in areas near
airports they are the largest contributors (Anon. (1968)). Furthermore,
the reduction of particulate emissions from other sources and the rapidly
rising volume of jet aircraft traffic will both increase the relative
magnitude of the problem (Fay (1970)). Lastly, in this day of the increas-
ing degradation of the visual quality of our environment, the aesthetic
argument against jet exhaust smoke has become a compelling one. Thus it
is important that solid carbon be eliminated from the exhaust streams of
jet aircraft as soon as possible.

The presence of solid carbon in jet aircraft exhaust may be blamed on
either of two factors: the success of the formation mechanism, or the
inadequacy of the subsequent oxidation. Thus both processes must be
considered. Relevant data come from three different types of investiga~-
tions: those examining the details of the chemical kinetics, those study-
ing the carbon output of simple laboratory flames as functions of the operat-

ing conditions of the flame, and those recording the carbon output of gas
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turbine combustors (or engines) as a function of engine-operating
parameters and design variables. At this time the state of knowledge
of the kinetics of carbon formation is at a very basic level. A
state~of~the-art review is given by Palmer and Cullis (1965). Not
only do no rate equations exist for kinetic calculations, it is not
even clear which chemical species are important. The kinetics of
carbon oxidation are understood considerably better, and useful rate
equations exist, although here too there is some doubt as to the
important species,

Lack of kinetic data has prohibited any quantitative prediction
of the carbon output from a gas turbine combustor. A qualitative pic-
ture of the important processes which leéd to carbon formation can,
however, be formed. This picture is based on data from flawme studies
and can explain the results of combustor exhaust measurements. A4
quantitative approach can be taken with carbon oxidation. As will be
seen, the complexity of the combustor primary zone, where the fuel com~
bustion takes place, allows only the crudest oxidation calculations there.
However, a mathematical model of the combustor secondary zone, where the
primary zone combustion products are diluted, may be used to provide the
data necessary for integration of the oxidation kinetics equations. This
understanding of the production and oxidation processes allows an assess~
ment of the effects of design modifications on smoke emission levels.
II. GAS TURBINE COMBUSTION
A, Combustor Description

The modern gas turbine combustor is the product of several decades

of continuocus refinement and evolution. Here, we will briefly consider
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the performance requirements that it must meet and their implications
on its design. The primary function of the combustor is to raise the
temperature of the compressor outlet air before entry to the turbine
by mixing and burning with a hydrocarbon fuel. Compressor pressure
ratios for modern aircraft engines are between 10 and 25. This means,
for example, that, at low altitude and full power, the air enters the
combustor at a temperature of about 700 °k. Obviously an important
requirement for engine efficiency is that the combustion process be
virtually complete before the flow leaves the combustor; any unburnt
fuel is a direct performance loss. Satisfactory combustion efficiency
has not, however, been a major design problem.

It ig desirable to operate the turbine at as high an inlet tempera-
ture as possible. In modern engines design of the turbine blades limits
the turbine inlet temperature to about 1300 °k. This implies an overall
equivalence ratio, ¢O’ for the combustor of about 0.25. The equivalence
ratio, ¢, is defined as the fuel-air ratio divided by the stoichiometric
fuel-air ratio and "overall" means across the entire combustor. A fuel-
air mixture with ¢ = 0.25 is well below the lean inflammability limit
for hydrocarbon fuels in air (typically ¢ = 0.50) and cannot be burned
directly. The overall combustion process, then, is accomplished by divid-
ing the combustor into a ''primary zone,' where enough air is mixed with
the fuel to virtually complete the chemical reaction, and a "secondary or
diluting zone" where the rest of the air is mixed in.

Within the constraint of the lean inflammability limit, the primary

zone equivalence ratio, ¢p, is determined by the requirements for maximum
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space utilization and rapid and reliable ignition. The former is
especially important in aircraft engines, where weight is at a premium.
Minimum combustor volume implies high intensity combustion (maximum
chemical reaction rate) which fixes ¢p near unity. The rapid ignition
requirement, which is most stringent when applied to an airborne relight,
is best met by primary zones which are slightly on the rich side of
stoichiometric, in the range 1 < ¢p < 1.3 or so. A fufther requirement
on aircraft engines is that the frontal area be minimized to reduce the
engine's drag. This means that, for a given combustor volume, the shape
will tend to be long and narrow. It furthermore implies that the mean
flow velocity must be maximized, and thus that some sort of flame stabiliza-
tion scheme will be necessary.

These considerations, combined with the need for stable engine opera-
tion over a wide range of power outputs (i.e., fuel flows) and operating
pressures, result in the typical combustor configuration shown in Figure 1,
where the mean flow pattern is also indicated. The combustor comsists of
a liner, within which the highly turbulent combustion and mixing processes
take place, and an annulus, where air flows until it is injected intec the
liner., Figure 1 may be regarded as a cross section of either an individual
can combustor (a typical aircraft engine will have 5~10 of these arranged
azimuthally around the compressor drive shaft), or a section of an annular
combustor. The flame stabilization mechanism is the recirculating flow
pattern, which constantly brings hot combustion products to the fuel
injector, serving as a continuous ignition source. The fuel is injected
as a spray which breaks up into droplets which then vaporize; the vapor

burns with the incoming fresh air.
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Air enters the combustor in three different ways. About 15 per cent
of the air enters near the fuel spray and is given a rotatiomal wvelocity
which helps stabilize the flow pattern; this is the swirl air. About
25 per cent of the air is introduced parallel to the liner wall as film
coolant to protect the liner from the extreme temperatures in the combus=-
tor. The remaining fraction, i.e., the bulk of the air, is injected as
large jets designed for deep penetration and rapid mixing. It is the
first row of large holes which drives the recirculating flow pattern,
forming the primary zone, An interesting discussion of the combustor flow
pattern is given by J. S. Clarke (1955, 1956).

There are, of course, other requirements which act as design con-
straints. Some of these result from the interaction between compressor,
combustor, and turbine performance; some are empirical and are dérived
from past experience. It is not surprising, therefore, that although the
considerations discussed above determine the overall combustor configura-
tion, there are significant design variations between combustors developed
by different engine manufacturers.

B. The Combustion Process

The details of the combustion process in the gas turbine combustor
are not well understood, The fuel enters the primary zone in the form
of a spray, which rapidly breaks up into droplets with diameters of
50 =~ 200 um and with speeds relative to the hot gases of the order of
70 m/sec, The combustor gases themselves are flowing in a complicated
turbulent pattern with velocities of similar magnitude., The gases are
at a temperature which is much higher than the boiling point of the fuel,

so the droplets begin to vaporize as socon as they enter the combustor.




This mass transfer process is greatly enhanced by the relative velocity
between the droplets and the gases, which in turn is being reduced by
the drag on the droplets.

Whether the droplets burn in the classical spherical flame manner,
or whether they evaporate and the vapor mixes with air and burns else~-
where is determined by the relative time scales of the evaporation and
deceleration processes, According to Spalding (1953), there is a criti=-
cal relative velocity between a droplet and its surrounding gases, above
which a flame cannot be maintained at the droplet's stagnation peoint. If
the droplets slow down to this velocity before they have significantly
evaporated, they may be able to burn. However, even in this case the
turbulent velocity fluctuations in the combustor may keep the relative
velocity above the critical, thus preventing classical droplet combustion.
Calculations reported by Heywood et al. (1970) indicate that by the time
a typical droplet has decelerated to below the critical velocity, it has
probably’been mostly wvaporized. Even if the droplet did not evaporate by
the time it had lost its injection momentum, these calculations show that
the turbulent velocity fluctuations would indeed prevent combustion.

Based on that analysis, the following picture of combustion in the
primary zone can be drawn. There exists a very fuel-rich region near
the injector face where the droplet evaporation is taking place, but where
there is little combustion because of the lack of air. Either air (in
the case of the swirl air), or air plus hot products (in the case of the
mixture in the reverse flow region) flows by the fuel-rich zone entrain-
ing and mixing with the fuel wvapor, and most of the combustion takes place

as the flow travels downstream in the outer region of the zone, However,
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each bit of fuel must be mixed with about fifteen times its weight in
air before it reaches stoichiometric proportions; therefore, considerable
burning must take place at equivalence ratios substantially greater than
unity. As will be seen later on, this rich burning is crucial for car-
bon formation.

The important physical processes occurring in the secondary zone
are understood considerably better than those of the primary zone. DBased
on this understanding, a mathematical model can be developed for use in
the calculation of soot particle burning rates, Heywood et al. (1970)
and Martin (1968) have used the following assumptions: one-dimensional
flow, thermodynamic equilibrium except for the soot particles, no heat
losses, and constant pressure. Heywood et al. (1970), whose model follows
that developed by Graves and Grobman (1958), calculated the secondary zone
mass flow rate as a function of distance from the primary zone assuming a
liner and annulus of comstant circular cross-section and flush round air
jet holes, Their data for mass flux, equivalence ratio, temperature and
particle travel time, for a can geometry which approximates that of the
JT8D combustor, for the case of ¢p = 1.2 are shown in Figure 2. Martin
(1968) did not calculate the mass flux, but instead imposed a linear varia-
tion with distance which compares favorably with the data shown in Figure Z,
Assuming that the velocity and temperature of a fluid element are also those
of a soot particle, the chemical kinetics equations describing soot parti-
cle oxidation can be integrated to find the radius decrease of a scot parti-
cle travelling through a combustor secondary zone, This is discussed fur-

ther in Section IV.




IITI. CARBON FORMATION
A. Data from Laboratory Flames

Early experiments on the formation of solid carbon in laboratory
flames were aimed at ranking vayious organic compounds according to
smoking tendency.'" No quantitative data as to the amount of soot formed
were obtained, Typical of this research, and among the earliest, was
that of Clarke et al. (1946), who worked with a free diffusion flame
above circular pools of various organic liquids. The flame height could
be varied by changing the diameter of the pool. They defined the "smoke
point" as the length of the shortest flame which exhibited visible smoke,
and since smoking tendency logically should be higher for lower smoke
points, they let the smoking tendency be a constant times the inverse of
the smoke point., Clark's results indicate that the most important factoy
determining the relative smoking tendency of hydrocarbon fuels is the
carbon atom to hydrogen atom ratio of the molecule, Thus aromatic hydro-
carbons were found to smoke more easily than alkynes, alkenes and paraf-
fins, in that order. Smoking tendency also correlated with fuel wvolatility;
i.e., the higher the boiling point of a fuel, the lower its smoke point.

These results were extended considerably by Schalla et al. (1957).
They worked with confined laminar diffusion flames, and thus could con-
trol the overall fuel-air ratio. The relative smoking tendencies they
determined were similar to those of Clarke et al. (1946). They also found
that, for a given fuel, more smoke was produced by flames with higher fuel-
air ratios., They did not, however, determine quantitatively the amount of
solid carbon produced, The effect of pressure on smoking tendency was

studied; smoking tendency was found to increase with pressure.
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MacFarlane et al. (1964) determined quantitatively the carbon cut-
put of premixed laboratory flames. They give data at pressures up to
20 atm, as a function of equivalence ratio. Their data for one fuel,
n~pentane, and one of their two~flame configurations are shown in Figure
3. These data are typical of the fuels they tested and have a number of
important features. First, their experiments indicate virtually no car-
bon formed at pressures below 10 atm or so. This is due to their particu~
lar configuration and indicates the sensitivity of carbon formation data
on flame geometry. Their burner was designed specifically for high pressure
studies; they could not even get a stable flame at atmospheric pressure.
Other investigators have obtained carbon from premixed flames at atmospheric
pressure (Homann (1967)). Second, at a given pressure, no carbon is formed
below a certain "critical” equivalence ratio, typically around 1.5, and at
higher equivalence ratios the amount formed does not vary greatly. The
existence of a critical equivalence ratio was also observed by Homann (1967},
Third, at a constant equivalence ratio, above the critical, the amount of
carbon formed rises rapidly with increasing pressure.

Comparison of this carbon output data with calculated equilibrium
compositions at the appropriate equivalence ratios and pressures indicates
that the products of these flames are not in equilibrium. In fact, solid
carbon does not appear in the equilibrium products of hydrocarbon-zir com-
bustion for ¢ < 3 or so. In a general sense, therefore, carbon can be
regarded as a reaction intermediate whose consumption is very slow relative
to the major gas phase veactions. Thus when a hydrocarbon flame is quenched
immediately after completion of the important gas phase reactions, as in an
vnconfined diffusion flame or bunsen~type premixed flame, the carbon oxida-

tion reaction is often never completed.




This was indicated very clearly by Michael Faraday a century ago
(Faraday (1910)). 1In his classic series of lectures, entitled 'The
Chemical History of a Candle," he demonstrated the presence of soot
formation and soot oxidation zones in a candle flame. Under normal
circumstances there may be no soot leaving a burning candle though its
presence in the flame is indicated by the emission of black-body radia-
tion, If the flame is prematurely quenched, the soot appears as a prod-
uct. In the gas turbine combustion process, the rate of quenching is
controlled by the air flow distribution. Thus the carbon oxidation reac—
tion may or may not be frozen before completion depending on how rapidly
cooling air is mixed in. This is explained further in Section IV.

B. Carbon Formation in Combustors

The data on carbon formation in laboratory flames in the previous
section can now be combined with the picture of primary zone combustion
developed in Section II for an examination of solid carbon formation in
gas turbine combustors. The major consideration is the existence of
regions of fuel-rich combustion; the data from laboratory flames indicate
that solid carbon will be formed in these zones. It is also clear that
most of the carbon must be formed in the area which is most fuel-rich,
i.e., the region very close to the apex of the fuel spray cone. This is
true regardless of whether the combustion is largely premixed or mostly
diffusion controlled, If it is premixed then there exist small burning
pockets of various fuel/air ratios. In the richest areas more of these
pockets will have equivalence ratios greater than the critical, thus form-

ing more carbon, If the combustion is diffusion controlled, then the

results of Schalla et al. (1957), which indicate that more carbon is formed
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in richer flames, apply directly. These arguments also imply a rise in
smoke output with mean primary zone equivalence ratio. Based on the lshora-
tory flame data, another obvious prediction is that pressure level should
be an important factor in determining gas turbine smoke emission levels.
Data on carbon produced in gas turbine combustors tend to confirm
these expectations. Investigators have found that the variables most
strongly affecting carbon output are operating pressure, mean primary zone
equivalence ratio, the distribution of air flow into the primary zone, and
the details of the mixing of this air with the fuel vapor. An example of
the influence of pressure and primary zone equivalence ratio (¢D) is seen
in Figure 4, taken from Toone (1968), of Rolls-Royce, It should be remem-
bered in this discussion that the relative air flow distribution for a
given combustor is roughly independent of engine speed. Thus ¢p o @Oy
where ¢O is the overall combustor equivalence ratio. Figure 4 clearly
shows the rise of smoke output with rises of either combustor pressure or
¢p in a given combustor configuration. Note that one Photosmoke Unif
(P.S.U.,) is roughly the equivalent of an exhaust concentration of 1 ug/l.
A number of other studies have shown the dependence of smoke cutput
on ¢p (or ¢O). Sawyer (1969, 1970) was able to correlate, very roughly,
smoke outputs from different engines with their overall equivalence ratios.
Bahr et al. (1969) of General Electric found large decreases in smoke out~
put when combustors were modified so that a larger fraction of the air
enters the combustor earlier (thus lowering ¢P while keeping ¢O constant) .
That the combustor was modified wmakes this result ambiguous as the right
modification can reduce smoke output without lowering ¢P, Durrant (1968)

of Rolls~Royce found a reduction in carbon concentration in the primary




zone by a factor of 3 when ¢p was reduced by a factor of 5/6. In Pratt
and Whitney's smoke reduction program, Faitani (1968) was able to reduce
the Von Brand Smoke Density of the exhausts of combustors of nearly the
same configuration by factors of up to 10 by doubling the fraction of the
total air flow entering the primery zone. Similar results were reported
by Gleason and Faitani (1967). 1In contrast with these results, Butze
(1952) found that smoke output at first increased as ¢0 was lowered:

then decreased, The reason for the increase is not clear.

Various modifications to the combustor mixing processes have been
studied for the purposes of smoke reduction. Bahr et al. (1969) and
Faitani (1968) found that blowing air jets directly into the fuel cone
sharply reduced carbon formation. Several investigations (Toone (1968),
Durrant (1968), Faitani (1968), Lefebvre and Durrant (1960)) have shown
that decreases in fuel spray cone angle can sharply increase the smoke out-
put of a combustor., "Swirl cups,' design modifications to increase the
mixing effectiveness of the swirl air, were found to reduce smoke ocutput

1

(Bahr et al, (1969)), as were "airspray atmoizers," where air jets assist
directly in the injection and atomization processes (Durrant (1968, 1969)),
Increased pressure drop across primary zone air inlet holes has been shown
to reduce smoke (Faitani (1968)).

The major effect of these design modifications is to minimize local
deviations from the mean primary zone equivalence ratio by increased mix-
ing. The logical extension of this concept is to completely mix the fuel
and air before injecting them into the combustor. Then, as long as @p is
less than the critical value of ¢ previously mentioned for premixed flames,

there should be no smoke output at all, This has been tried, and exhaust
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smoke was virtually eliminated (Faitani (1968) and Durrant (1969)). How-
ever, such combustors have been found to have unacceptable stability limits,
and it has been a major problem to prevent the fuel from cracking before
it is burnt,

Other investigators have examined the effect of pressure on smoke
output and have reached conclusions similar to Toone's. Durrant (1969}
and Faitani (1968) both correlate the exhaust smoke level of various engines
with engine pressure ratio. There is, however, an ambiguity in the inteyr-
pretation of the data when the pressure is increased in a given combustor.
There is general agreement that this strongly increases smoke output (Toone
(1968}, Bahr et al, (1969), Faitani (1968) Butze (1952)), and no doubt a
large part of this increase is due to increased carbon formation in the
actual burning process as indicated in the laboratory flame data. However,
it has also been shown that increased combustor pressure reduces the fuel
spray cone angle (DeCorso et al. (1967) and Faitani (1968)). The relative
importance of this effect in increasing carbon output is hard to estimate.

Other combustor variables which have been investigated are combustor
gas velocity, cowmbustor inlet temperature, fuel inlet temperature (Butze
(1952)), fuel droplet size (Durrant (1968) and Faitani (1968)) and combus-
tor exit temperature (Toone (1968), Faitani (1968) and Gross-Gronmowski (1967)).
The first four have been found to be relatively unimportant. The last, how-
ever, is important. It has been found that with virtually all other wvaria-
bles held constant, an increase in exit temperature decreases smoke output,
The mechanism for this has nothing to do with the primary zone. It is
increased carbon oxidation rates and will be discussed in the next section.

Another area which has been explored for possible smoke reduction is

that of fuel composition. Earlier in this section it was explained that
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in laboratory flame studies, smoking tendency decreased as fuel hydrogen
content increased, This effect has been shown to carry over to gas tur~
bine combustors-—smoke output increases as fuel hydrogen content decreases
(Bahr et al. (1969), Lefebvre and Durrant (1960), Jonash et al. (1958)).
The use of additives to prevent carbon formation has alsoc been extemsively
investigated (Jonash et al. (1958), Shayeson (1967), Taylor (1967)). It
has been found that additives can significantly reduée smoke output.,
Neither changing the fuel hydrogen content nor the use of additives is
considered a practical method for eliminating exhaust smoke, however.
Presently used jet fuels were chosen for their price and availability,
neither of which will be sacrificed if there are alternative methods of
smoke reduction. The use of additives is not promising because they tend
to leave deposits on combustor and turbine surfaces. Furthermore, some

of them result in poisonous (though invisible) exhaust emissions.

The conclusions reached in these combustor and engine smoke reduction
studies are the following: First, it is possible, without changing the fuel
or significantly affecting combustor pefformance, to eliminate visible smoke
from the exhaust of modern jet engines. Second, the way to do it is to
either "lean out" the primary zone, blow air directly into the fuel cone,
or both. General Electric and Pratt and Whitney have successfully eliminated
smoke from their most recent large aircraft engines by using this approach.

There are, however, two problems with this smoke reduction technigue
which have as yet not been sufficiently explored., First, kinetic calcula~-
tions by Heywood et al., (1970) have indicated that nitric oxide emissions
increase as the primary zone is made leaner. This prediction has been con-

firmed by recent data showing that the "smokeless" JT8D combustors emit
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40 per cent more nitric oxide (averaged over a landing or take-off cycle)
than combustors of the original design (George et al. (1969)). At the
present time there is little pressure on the airlines to reduce nitric
oxide emissions, as they are not visible, while smoke is. In the future,
a restriction on nitric oxide emissions may make it more difficult to
eliminate exhaust smoke,

Second, it is possible that large reductions in the visibility of
exhaust smoke may be obtained without similar reductions in the mass
emission level. Data on the néw JT8D combustors show a 23 per cent
decrease in exhaust carbon mass loading from the original design, again
averaged over a landing or take-off cycle (George et al. (1969)), which
must be contrasted with the nearly 100 per cent difference in exhaust
visibility. As previously discussed, visibility of exhaust smoke is very
sensitive to particle size; this probably explains the apparent discrepancy.
If the amount of carbon exhausted inteo the atmosphere is to be controlled
rather than just its visibility, this effect must be kept in mind.

IV. CARBON OXIDATION

The second process determining the amount of smoke in the exhaust of
gas turbine engines is the burning of soot particles in hot combustion
products, This chemical reaction has been shown to be significant in the
combustion products of both fuel-lean and fuel-rich flames (Lee et al. (1962),
Tsibulevsky and Tesner (1966, 1967), Tesner and Tsibulevsky (1967a, 1967b},
Fenimore and Jones (1967)). That carbon burn~up is important in determing
gas turbine smoke emission levels has already been demonstrated. Toone
(1968} observed very high carbon concentrations (up to 2600 pg/L) in the

fuel=rich region of the primary zone of an engine exhausting negligible




smoke (carbon demsity in exhaust less than 10 ug/2). Faitani (1968 and
Gross~Gronowski (1967) have shown substantial decreases in smoke emission
with increases of combustor exit temperature, apparently due to increased
carbon bgrn—up. Faraday's experiment, previously discussed, indicated
the importance of oxidation on the smoke "emission" level of a candle.

In general, the burning of solid particles, depending on the rLempera~
ture and the particle size, may be controlled by either the diffusion of
oxidant to the particle or by the chemical reaction rate at the surface.
Particle sizes in gas turbine exhausts have been examined by several investiga-
tors., DeCorso et al. (1967) found typical particle diameters of 0.05-0.06 um
with occasional particles up to 0,125 um, and that these small particles
could agglomerate to irregularly shaped clusters with dimensions of 0.6«0.8 um.
Faitani (1968) found particles of about O.lkum diameter. Lieberman (1968)
measured particle diameters in the exhaust of a regenerative turbine system
burning No. 2 fuel oil and found particles of regular and irregular shape
with diameters up to 1 um. The composition of these exhaust particles has
been measured by several of the above investigators and others, and it is
generally agreed that they consist of about 96 per cent carbon by weight
(Faitani (1968)); the rest hydrogen and oxygen. Essenhigh et al (19653)
show that diffusion is always unimportant in the combustion of carbon parti-
cles with diameters of less than 25 um, so only the surface reaction rate
need be considered here.

Three major investigations of soot particle burning rates have come
to the authors' attention: the work of Lee, Thring and Beer (1962),

Fenimore and Jones (1967), and Tesner and Tsilbulevsky (1966, 1967, 1967a,

1967b) ., Each group has examined soot oxidation in product gases of varicus
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equivalence ratios, pressures, and temperatures. The region of oxyvgen,
partial pressure, and temperature studied by each group is shown in Fig-
ure 5 along with the region of interest in gas turbine combustors (the
region shown for Tesner and Tsibulevsky is that discussed in their 1967b
work and was estimated, as they did not report pOz in their publications).
It can be seen that all the investigations have been at oxygen partial
pressures and temperatures which are lower than gas turbine conditions,
Tesner and Tsibulevsky were not able to correlate their data over the

range of their experiments, Fenimore and Jones correlated their data

with the assumption that one tenth of all collisions of hydroxyl radicals
with the particle surface remove a carbon atom. Lee et al. found the
chemical reaction rate to be linear with oxygen partial pressure.

In spite of the fact that these oxidation data are not in the proper
range, it was felt that extrapolation of Lee et al., and Fenimore and Jones
burning~rate expressions to gas turbine combustor conditions would give at
least an estimate of soot consumption within the combustor. Figure 6 shows
burning-rate expressions evaluated for particles in equilibrium products of
Cnﬂzn/éir combustion of different equivalence ratios. The combustor air
inlet temperature was calculated assuming ambient air conditions of 1 atm
and 300 °K and a compressor efficiency of 87 per cent. For a spherical
particle, the surface recession rate is the rate of change of radius. Though
there are significant differences between the two correlations, in the most
important region, 0.7 < ¢ < 1,1, the predictions are of comparable magnitude.
Lee~Thring~Beer's correlation would not be expected to hold for fuel-rich
mixtures since all their data were taken in the presence of significant C

2

concentrations.
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These burning rates indicate what was previously observed experi-
mentally, that significant amounts of the soot produced in the fuel-rich
regions of the primary zone can be consumed in the other regions of the
primary zone and in the secondary zone. For example, a spherical particle
spending 3 msec in near-stoichiometric (0.8 < ¢ < 1,2) products in the
primary zone would undergo a radius change of about 0.1-0.3 um, depending
on the pressure (using the Fenimore-Jones data), or up to twice these fig-
ures in the leaner regions, using the Lee-Thring-Beer data. Heywood et al.
(1970) and Martin (1968) have done more extensive calculations of carbon
burn-up in the secondary zone, using the fluid mechanic models previously
discussed. Radius changes in the secondary zone of similar magnitude to
these primary zone values were reported. Note that conditions giving
maximum socot burn-up rates (i.e., roughly stoichiometric combustion prod-
ucts) also result in maximum nitric oxide formation rates (Heywood et al
(1970)).

A comparison of these calculated radius changesvwith particle sizes
observed in the combustor exhaust indicates that carbon oxidation plays
an important role in determining the smoke emission level of an engine.
If the data from these extrapolated correlations are correct, then, to
reach the exhaust without being consumed, a soot particle may have to
spend most of its time travelling in the relatively cooler areas of the
combustor near the liner.
V, CONCLUSIONS

The most important conclusion reached in this study is the following:

The exhaust smoke concentrations of modern jet aircraft engines can be




lowered below visible levels using the techniques reviewed here. This
has primarily involved adding air to the fuel rich zones of the combus-
tor by increasing the total amount of air entering the primary zone or
by modifying the air flow paths. These changes have been made without
sacrificing other desirable engine characteristics. With increasing
engine pressure ratios and new design constraints involving other pollu-
tants, it will, however, be increasingly difficult to solwve the smoke
problem by merely varying the combustor design until one that works is
found.,

It is therefore clear that a better understanding of the controlling
processes in the primary zone must be obtained. The details of the process
by which the fuel vapor and air mix and burn are not knmown. This must be
explored before the production of carbon, or any other pollutant, can be
adequately modelled. At this point it is not even known whether mixing,
chemical kinetics, or neither controls the rate of fuel consumption in the
primary zone., The reaction kinetics involved in the formation of seolid
carbon need further work. To date fundamental kinetic studies of carbon
formation have contributed little to the understanding of the formation
process in practical systems. Similarly the data on carbon oxidation
kinetics need clarification and must be extended to the regions of interest
in gas turbine systems. The caléulations reviewed here indicate that oxida~
tion may play an important role in determining carbon emission levels, but

the uncertainty in the kinetic data carries over to this conclusion.
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